Familial adenomatous polyposis (FAP) is an autosomal-dominant disease characterized by the development of hundreds of adenomatous polyps of the colorectum. Approximately 80% of FAP patients can be shown to have truncating mutations of the APC gene. To determine the cause of FAP in the other 20% of patients, MAMA (monoallelic mutation analysis) was used to independently examine the status of each of the two APC alleles. Seven of nine patients analyzed were found to have significantly reduced expression from one of their two alleles whereas two patients were found to have full-length expression from both alleles. We conclude that more than 95% of patients with FAP have inactivating mutations in APC and that a combination of MAMA and standard genetic tests will identify APC abnormalities in the vast majority of such patients. That no APC expression from the mutant allele is found in some FAP patients argues strongly against the requirement for dominant negative effects of APC mutations. The results also suggest that there may be at least one additional gene, besides APC, that can give rise to FAP.
Presymptomatic diagnosis of patients with a family history of cancer is the first clinical application of the genetic revolution in cancer research. Though many issues about genetic testing remain unresolved, such testing can dramatically improve the medical and psychological management of affected patients and their families and can even be life-saving when performed prudently (1) .
Familial adenomatous polyposis (FAP) provides an excellent example of both the potential and the problems inherent in genetic diagnosis for cancer predisposition. FAP is an autosomal dominant disease in which affected patients develop hundreds to thousands of adenomatous polyps in their colorectum beginning in their teenage years. If left untreated, colorectal cancer will be diagnosed at a median age of 40 in such patients (2) . Truncating mutations in the APC gene cause approximately 80% of all cases of FAP (3) (4) (5) . Before the advent of APC genetic testing, it was necessary that all members of FAP kindreds be screened for the presence of disease by using colonoscopy or related clinical methods. Genetic testing can spare a significant number of first-and second-degree relatives the need for frequent colonoscopies and also can alleviate anxiety associated with the uncertainty of their genetic state. Though the only definitive treatment for FAP historically has been colectomy, chemopreventive agents currently are showing promise, and genetic testing should allow such agents to be used before disease onset (6, 7) .
Experience with FAP also illustrates the technical problems associated with genetic testing. APC is a large gene, encoding a protein of 2,843 aa contained within 15 exons (8, 9) . Sequencing the entire gene, including introns, untranslated, and promoter regions, is impractical. Fortunately, all confirmed FAP-causing mutations detected to date result in truncations of the protein (4, 5) . One major consequence of these truncating mutations is the disruption of APC's ability to inhibit the function of ␤-catenin (10, 11) . It is believed that APC normally binds to ␤-catenin (12, 13) and promotes its degradation (14) , thereby preventing activation of growthpromoting genes, such as c-myc (15) , by a ␤-catenin͞Tcf-4 transcription complex (16, 17) . This mutation spectrum has stimulated the development of testing approaches that can reveal truncated APC proteins. In particular, the most commonly used test [called in vitro synthesized protein (IVSP) or protein truncation test (PTT)] involves in vitro transcription and translation of APC PCR products. Gel electrophoretic analysis of the translated polypeptides reveals truncated proteins indicative of mutations (3, 18) .
Extensive analyses of FAP kindreds with IVSP and direct or indirect DNA sequencing methods have been used to identify more than 200 different mutations (4, 5) . The frequency of APC mutations detected among FAP kindreds varies with the technique used, but in no case has it been more than 80%. The basis for the inability to identify mutations in a substantial proportion of such kindreds is unclear. One possibility involves the existence of APC mutations that are difficult to detect by standard mutational analyses. Indeed, the patient whose analysis originally led to the chromosome 5 localization of APC had a large deletion that would have been impossible to detect with any standard sequencing or IVSP assay (19) . Furthermore, some FAP patients without truncating APC mutations appeared to express significantly reduced levels of APC transcript from one allele (3) . A second possibility is that some cases of FAP are caused by mutations in genes other than APC.
We have described previously a mutation detection approach called monoallelic mutation analysis (MAMA). Chromosomes from an affected individual are isolated in hybrid cells formed from fusion of the patient's cells with a suitable rodent recipient (20) . Because each allele can be examined independently, mutations are not obscured by the wild-type product from the normal allele, as can occur with standard analyses of patients' cells. For example, mutations in promoter regions, which decrease expression from the corresponding allele in cis fashion, are very difficult to detect with routine assays. However, because patterns of expression are faithfully preserved in such hybrids (20, 21) , mutations that affect
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MATERIALS AND METHODS
Cell Culture. Lymphoblastoid lines were established by Epstein-Barr virus infection of peripheral blood leukocytes from patients diagnosed with FAP who had no evidence of APC mutation upon IVSP analysis. These lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and grown at 37°C and 5% CO 2 . The UCW-56 hamster cell line (22) was grown in DMEM supplemented with 10% fetal bovine serum and 60 g͞ml L-proline and grown at 32°C and 5% CO 2 .
Cell Fusions. Fusions initially were performed with polyethylene glycol as described (20) . In later experiments, electrofusion was employed because a greater yield of viable fusion clones could be obtained. UCW-56 cells were combined with lymphoblastoid cells in FS (0.3 M mannitol͞0.1 mM MgCl 2 ͞0.1 mM CaCl 2 ) at a ratio of 3:1. The cells were washed and centrifuged three times in FS before resuspending in FS at a final concentration of 5 ϫ 10 7 cells͞ml. Thirty microliters of this solution then was mixed and pipetted into a 0.5-mm gap microfusion plate (BTX Microslide 450; BTX, San Diego). Fusions were performed by using a BTX Electrocell Manipulator, ECM 200. The settings that yielded the greatest number of fusion clones were 15 V (AC) for 10 sec followed by two 100-V (DC) pulses of 30 sec each.
The cells from one 30-l fusion were plated into four wells of a 48-well plate (Costar) in DMEM supplemented with 10% fetal bovine serum and 60 g͞ml L-proline, and grown at 32°C. To obtain a sufficient number of clones, we generally performed three fusions from each line, employing a total of 1.8 ϫ 10 7 UCW-56 cells and 6 ϫ 10 6 lymphoblastoid cells. After 24 hr, the medium was changed and the 48-well plates were transferred to 39°C. Medium was changed every 4 days for approximately 2 weeks, at which time individual clones were genotyped and expanded for immunoblotting (20) . Immunoblotting was performed as described (23) except that cells were lysed in 8 M urea͞2 M thiourea͞0.05 M Tris base͞0.075 M DTT͞3% SDS͞0.004% bromophenol blue and adjusted to a final pH of 6.8 (24) , and APC was detected with an antibody (catalog no. OP47L; Oncogene Science) reactive with the C terminus of APC (23) .
RESULTS
Generation of Monoallelic Clones. Isolation of human chromosome 5 alleles was accomplished by fusing lymphoblastoid cells from FAP patient lines with the UCW-56 hamster cell line (Fig. 1) . UCW-56 has a temperature-sensitive tRNA-leucyl synthetase mutation, which prevents growth at 39°C unless complemented by the human tRNA-leucyl synthetase gene on chromosome 5. Because lymphoblastoid cells are nonadherent, clones derived by fusion are identified easily after growth at 39°C. In the original MAMA technique, fusions were performed with polyethylene glycol. We subsequently found that electrofusion was considerably more efficient at generating fusion clones. After electrofusion with a total of 1.8 ϫ 10 7 UCW-56 cells and 6 ϫ 10 6 lymphoblastoid cells, an average of six independent clones could be obtained (see Materials and Methods). Clones were visible approximately 2 weeks after fusion and were expanded for genotyping. More than 175 hybrids derived by electrofusion between UCW-56 and the lymphoblastoid cells of 10 different patients were examined by genotyping. Every hybrid identified had at least one human chromosome 5, documenting a negligible, nonspecific background of the fusion procedure.
MAMA in a Patient with a Known APC Mutation. FAP patient C1 was tested by IVSP and found to have a truncating mutation of APC resulting in the removal of Ϸ2,000 aa from the C terminus. DNA genotyping was performed on clones derived from the fusion of lymphoblasts of patient C1 with UCW-56. Using a polymorphism at the LNS-CA locus, just telomeric of APC, it was found that fusion clones contained either one of two individual chromosomal 5 alleles arbitrarily designated ''A'' and ''B'' (examples in Fig. 2 ). These clones were expanded further and protein was isolated for immunoblotting with a human specific antibody reactive against the C terminus of APC. All clones containing chromosome ''B'' failed to produce full-length APC protein, whereas those with chromosome ''A'' produced a protein of the expected wildtype size (Fig. 3A) . Thus, the germ-line mutation in this patient resided on the ''B'' chromosome. Using an N-terminal antibody, the cells with chromosome ''B'' revealed no truncated protein of the expected size. This is not unusual, because the mRNA or protein from APC genes with truncating mutations often is unstable and thereby undetectable by Western blot assays (23). 
MAMA in Patients Without APC Mutations Identifiable by IVSP.
Nine unrelated FAP patients in whom no APC mutations could be identified by IVSP were analyzed by MAMA. Each patient had at least 100 adenomas (verified by pathologic records), and each patient had a family history of FAP, ruling out germ-line mosaicism as a cause of the negative IVSP results (Table 1) . Upon fusion to UCW-56, hybrids were expanded and genotyped with LNS-CA and other chromosome 5 polymorphic markers to identify monoallelic clones. Of 165 clones analyzed, 101 were found to contain one allele, whereas 64 were found to contain both maternal and paternal alleles. Monoallelic clones then were expanded and their proteins were used for immunoblotting. A minimum of two clones representing each allele from each patient was used to exclude clonal variability as an explanation for failure to detect full-length protein. Analysis of the nine patients revealed three classes of expression; no detectable APC expression from one allele (six patients; Fig. 3B ), reduced APC expression from one allele (one patient, Fig. 3C ), or equal APC expression from both alleles (two patients, Fig. 3D ).
Confirmatory Studies. There was little doubt about the mutational basis of FAP in patients with no detectable expression of APC. However, we were less confident about the patient with detectable but reduced expression. This patient was from a reasonably large kindred, and linkage analysis was carried out with markers closely surrounding APC. Two significant results were evident from this linkage analysis. First, a multipoint logarithm of odds (lod) score of 2.06 was obtained at a of 0.1 by using markers D5S82, LNS-CA, and MCC (25) , strongly suggesting that the disease was caused by an APC mutation in this family. Second, the haplotype that was associated with disease in the linkage analysis was also the haplotype of the chromosome that showed reduced expression. Haplotypes are extremely easy to define with MAMA and can be used as diagnostic tools for genetic testing of other members of the family; only the proband needs to be tested by MAMA.
In the two cases in which full-length APC protein was expressed by both alleles, it was possible that missense mutations or small in-frame insertions or deletions of APC were responsible for the disease. To evaluate this possibility, the complete coding region of APC was sequenced directly from appropriate PCR products. No mutations were observed in either patient, strongly suggesting that both APC alleles were normal in these two patients. No other members of these two families were available to compare haplotypes or to exclude linkage to APC. (26) . Most previous failures to detect APC mutations in FAP kindreds therefore are likely to have been a result of the insensitivity of the assays used rather than the absence of APC mutations. Second, these results have significant implications concerning the relationship between specific APC mutations and phenotype. In particular, it has been shown that the precise mutation within APC often is correlated with disease severity (27) (28) (29) (30) , leading some investigators to propose that dominant negative effects of specific mutations contribute to polyposis. These hypotheses are dependent on the idea that specific mutant gene products interact with either the product of the wild-type allele of APC (31, 32) or with other gene products in the APC pathway (e.g., ␤-catenin or GSK3B). It has been proposed that such ''dominant negative'' mutants would lead to more severe disease because they disrupt the APC tumorsuppressor pathway even in the presence of a wild-type allele from the unaffected parent, whereas other mutants are only functionally apparent when the wild-type allele is lost. Our new results provide evidence against the idea that dominant negative effects of specific mutant APC alleles are required for severe disease. In the six patients with no detectable expression of the mutant APC allele, no interaction of the missing gene product is possible. Yet, some of the individuals with these mutations had severe polyposis (Table 1) . Our results therefore are more consistent with the idea that the total absence of APC protein can predispose to significant polyposis and that specific mutations which lead to less severe disease may be explained by the partial retention of function. Though our results rule out a requirement for dominant negative effects of mutations in general, they do not exclude the possibility that specific mutations are associated with such dominant negative effects.
DISCUSSION
Third, the results have significant implications for diagnosis. As noted previously, standard genetic tests ''miss'' a significant number of APC mutations. These are presumably in promoter or other noncoding regions within or surrounding the gene, and sequencing these very large regions is impractical. As shown here, MAMA can detect the presence of such mutations, and the haplotype analysis that is derived from MAMA can be used straightforwardly to help counsel family members of the proband. Though MAMA clearly is not cost-effective as a screening tool, it is likely to be valuable in the management of FAP patients whose mutations cannot be identified by standard methods. It should be noted in this regard that more than three-quarters of the individuals in the extended families of FAP probands do not inherit a mutant APC allele, yet many must be screened with colonoscopy and some will suffer the emotional consequences of uncertainty. The cost of alternative techniques such as MAMA must be judged against the medical and human costs of having no definitive diagnoses in such cases.
Finally, two of nine FAP patients analyzed harbored alleles from which full-length, completely wild-type sequence was expressed at normal levels. These patients may have contained mutations in noncoding regions of the gene that specifically diminished their expression in colonic stem cells but that did not lead to decreased expression in the hybrids generated upon fusion to UCW-56 cells. Alternatively, the FAP in these two kindreds may be a result of a gene different from APC. Unfortunately, neither of these two patients came from a kindred large enough for linkage analysis, so these possibilities cannot be distinguished at present. It is interesting that a homolog of APC, located on chromosome 19p13.3, recently has been described (33, 34) . This homologue as well as the functionally related family of axin genes (35) (36) (37) (38) (39) (40) are good candidates for FAP causation in these kindreds. Elucidation of other genes responsible for FAP might shed considerable additional light on the mechanisms through which APC causes polyposis, just as mutations in ␤-catenin in sporadic cancers have illuminated the pathway (10, 41). 
